Abstract. Spermatozoa were the first cell type in which the cellular generation of reactive oxygen was demonstrated. This activity has now been confirmed in spermatozoa from all mammalian species examined including the rat, mouse, rabbit, horse, bull and human being. Under physiological circumstances, cellular redox activity is thought to drive the cAMP-mediated, tyrosine phosphorylation events associated with sperm capacitation. In addition to this biological role, human spermatozoa also appear to suffer from oxidative stress, with impacts on the normality of their function and the integrity of their nuclear and mitochondrial DNA. Recent studies have helped to clarify the molecular basis for the intense redox activity observed in defective human spermatozoa, the nature of the subcellular structures responsible for this activity and possible mechanisms by which oxidative stress impacts on these cells. Given the importance of oxidative damage in the male germ line to the origins of male infertility, early pregnancy loss and childhood disease, this area of sperm biochemistry deserves attention from all those interested in improved methods for the diagnosis, management and prevention of male-mediated reproductive failure.
Introduction
The history of oxidative stress and male infertility dates back to an article published in the American Journal of Physiology in 1943. In this study, one of the founders of modern andrology, John MacLeod, noted that the loss of motility exhibited by human spermatozoa in an oxygenated medium could be abrogated by the presence of catalase (MacLeod 1943) . He concluded from these observations that human spermatozoa had the capacity to generate hydrogen peroxide and that this powerful oxidant could seriously compromise the viability of these cells. Just three years later, Tosic and Walton (1946) published a paper in Nature indicating that bovine spermatozoa could indeed generate reactive oxygen species (ROS) in the form of hydrogen peroxide and that this oxidant could suppress sperm metabolism. An important aspect of these papers on ROS generation by mammalian spermatozoa is that they predate our knowledge of free radical generation by phagocytic leukocytes by more than 20 years. However, the importance of ROS to the cell biology of mammalian spermatozoa did not receive significant attention until the elegant biochemical studies by Thaddeus Mann and his colleagues at the ARC Huntington Road Institute, Cambridge, UK in the 1970s. Mann's group demonstrated the importance of lipid peroxidation in the aetiology of defective sperm function and emphasised the vulnerability of these cells to oxidative stress owing to their high unsaturated fatty acid content. In a landmark paper, Jones et al. (1979) demonstrated that human spermatozoa were capable of undergoing lipid peroxidation in the presence of an Fe 2+ promoter and that high levels of lipid peroxidation were associated with impaired sperm motility. In the early 1980s, Bayard Storey and his colleagues at the University of Pennsylvania, Philadelphia, PA, USA provided evidence for ROS generation by human, rabbit and murine spermatozoa and examined the pro-and anti-oxidant forces that contribute to peroxidative damage in these cells (Storey 1997) . These pioneering studies laid the foundation for our current understanding of the role of oxidative stress in the aetiology of male infertility. In this review, we shall examine how these studies have progressed in recent years to cover not just the molecular basis of impaired sperm function but also the importance of oxidative stress in the male germ line to such pathological conditions as pregnancy loss and cancers of early childhood (leukaemia, brain tumours) and puberty (testicular cancer). Furthermore, research in this area has shed light on the mechanisms by which environmental toxicants (oestrogens, hydrocarbons and metals), genetic disposition and age impact on human health through the mediation of the male germ line.
Oxidative stress and male infertility
Defective sperm function is the most common defined cause of human infertility (Hull et al. 1985) , affecting about one in twenty Australian males. For most of these patients, the cause of their infertility is unknown. It is distinguished from female infertility in being a disease that is largely focussed on the germ cells. Most female infertility is of somatic cell origin and commonly has an endocrine basis that is amenable to pharmacological intervention. In contrast, most infertile men are endocrinologically normal and produce sufficient spermatozaoa to initiate a pregnancy -if these cells were functionally normal. Unfortunately, the spermatozoa of infertile males are not normal, whether this is gauged by their morphological appearance or their physiological function.
Analysis of the degree and type of functional incompetence in the spermatozoa of infertile patients has been conducted in some detail and many different biological defects have been observed. Thus, deficiencies in the quality of sperm movement are commonly recorded in the spermatozoa of infertile patients and underpin many secondary functional defects, including their capacity to penetrate cervical mucus (Aitken et al. 1985) , their ability to bind to the zona pellucida (Zouari et al. 1993) and their competence to fuse with the vitelline membrane of the oocyte . In addition, deficiencies in the ability of spermatozoa to acrosome react has also been recorded in infertile men, using A23187 (calcium ionophore) or the native zona pellucida as the activating stimulus (Aitken et al. 1984 Cummins et al. 1991; Liu and Baker 1994) . Overall, the impression given is that the spermatozoa of infertile patients do not suffer from discrete genetically based pathologies affecting specific aspects of sperm function. Rather, these cells seem to suffer from a pathological condition that simultaneously affects many different aspects of sperm function. A rational hypothesis that could account for such a multiplicity of defects in individual semen samples places oxidative stress centre stage, as fundamental mediator of defective sperm function (Aitken 1994; Cummins et al. 1994) .
Oxidative stress has been associated with impaired sperm motility (Aitken et al. 1995a; Oehninger et al. 1995) as a consequence of both the induction of lipid peroxidation (Jones et al. 1979; Alvarez et al. 1987; Aitken et al. 1993a Aitken et al. , 1993b and ATP depletion (de Lamirande and Gagnon 1992) . In addition, there is a great deal of evidence indicating that the cascade of biological responses precipitated by calcium influx, including acrosomal exocytosis and sperm-oocyte fusion, is inhibited by oxidative stress and correlated with high levels of redox activity by the spermatozoa (Aitken and Clarkson 1987; Aitken et al. 1989a Aitken et al. , 1989b Ichikawa et al. 1999) .
Nature of oxidative stress

Generation of reactive oxygen species by spermatozoa
All actively respiring cells generate ROS as a consequence of electron leakage from intracellular redox activities, such as the mitochondrial electron transport chain. Under physiological O 2 tensions, it has been calculated that 1-3% of the O 2 reduced in mitochondria may form superoxide anion (O
−•
2 ) (Halliwell and Gutteridge 2003) . In addition, cells may generate ROS as a by-product of enzymatic activities including a wide variety of oxidases (amino acid oxidase, xanthine oxidase), peroxidases (thyroid peroxidase) and oxygenases (indoleamine dioxygenase, cytochrome P450 reductase). Some cells may also possess systems that are specialised for ROS generation. The NADPH oxidase activity of phagocytic leukocytes and the nitric oxide synthase activity found in, for example, neural tissue or endothelial cells, are classical examples of such enzymes.
The source, and even the existence, of ROS generation by spermatozoa is the subject of intense speculation. In reality, there can be little doubt that spermatozoa do generate ROS in small amounts. For example, there is good evidence to indicate that rat and rabbit spermatozoa leak electrons from the mitochondrial electron transport chain and, as a consequence, generate ROS (Holland and Storey 1981; Chapman et al. 1985; Vernet et al. 2001) . In the case of the rabbit, the mitochondrial origins of ROS generation by the spermatozoa has been backed up by electron spin resonance data (Chapman et al. 1985) . In addition, it has been known for more than half a century that ungulate spermatozoa can generate ROS using an amino acid oxidase that, in the case of bovine and ram spermatozoa, exhibits a specificity for aromatic amino acids such as tryptophan, phenylalanine and tyrosine (Tosic and Walton 1946; Upreti et al. 1998) . This amino acid oxidase is responsible for generating hydrogen peroxide that, in turn, appears to be directly responsible for suppressing sperm movement, since the motility loss observed in the presence of phenylalanine can be completely reversed by the addition of catalase to the medium (Lapointe and Sirard 1998) .
The enzymatic systems responsible for generating ROS in non-ungulate spermatozoa are less clear. Biochemical activities consistent with the presence of an NADPH oxidaselike enzyme in spermatozoa have been described (Aitken et al. 1997) . These activities were induced by the addition of exogenous NAD(P)H and inhibited by the flavoprotein inhibitor, diphenylene iodonium. The mechanism of action of exogenous NADPH is currently unknown; however, two possibilities remain. Either NADPH can cross the cell membrane and fuel a putative NADPH-dependent oxidoreductase activity, or alternatively, extracellular associated ecto-enzyme(s) may exist that are responsible for the signal. Given the lack of extracellular NADPH in most biological systems, the former represents the more likely scenario. Purification and identification of this enzyme(s) remains a major interest in reproductive biology.
The aetiology of the excessive redox activity observed in the spermatozoa of infertile patients appears to be associated with the retention of excess residual cytoplasm (Fig. 1) . Thus, direct measurements of cytoplasmic retention, using an image analysis procedure to target the cytosolic enzyme, diaphorase, has demonstrated that the redox activity of human spermatozoa is highly correlated with the presence of residual cytoplasm in the sperm midpiece (Gomez et al. 1998) . The retention of excess residual cytoplasm by defective human spermatozoa explains the positive correlations that (a) A histochemical method for quantifying the presence of residual cytoplasm in human spermatozoa based on the enzyme, diaphorase (Gomez et al. 1996) ; with this technique the cytoplasm is stained black. (b) Close correlation observed between the retention of excess residual cytoplasm and the redox activity exhibited by human spermatozoa in response to phorbol ester (PMA) provocation (Gomez et al. 1998) . (c) The retention of excess residual cytoplasm increases the cellular content of cytoplasmic enzymes such as glucose-6-phophate dehydrogenase, the presence of which correlates closely with the redox activity exhibited by human spermatozoa in response to phorbol ester (PMA) provocation. (d ) The significance of glucose-6-phosphate dehydrogenase lies in the ability of this enzyme to control the cellular generation of NADPH, a potential substrate for ROS generation by human spermatozoa. In support of this proposal, addition of NADPH to populations of human spermatozoa provokes a burst of redox activity that can be detected with the chemiluminescence probe, lucigenin (Aitken et al. 1997). have repeatedly been observed between male infertility and cytosolic sperm enzymes including creatine kinase (Huszar et al. 1988) , lactic acid dehydrogenase (Casano et al. 1991) , superoxide dismutase ) and glucose-6-phosphate dehydrogenase (Gomez et al. 1996) . The loss of sperm motility and fertilising potential associated with varicocoeles and idiopathic male infertility are also associated with the retention of excess residual cytoplasm by the spermatozoa (Zini et al. 1998 (Zini et al. , 1999 (Zini et al. , 2000 . Furthermore, studies of in vitro fertilisation patients have demonstrated a strong negative correlation between fertilisation rate and the presence of residual cytoplasm in the sperm midpiece (Keating et al. 1997) .
The mechanism by which the presence of excess residual cytoplasm disrupts human sperm function is thought to involve the induction of excessive redox activity (Gomez et al. 1996) . Specifically, the presence of excess glucose-6-phophate dehydrogenase is held to enhance the cytoplasmic generation of NADPH that, in turn, fuels the production of free radicals by a proposed sperm NADPH oxidase. One candidate for such a process is NOX5 (Banfi et al. 2001) . NOX5 is distantly related to the gp91phox subunit of the phagocyte NADPH oxidase, with conserved regions crucial for electron transport in the form of NADPH-, FAD-and haem-binding sites. However, NOX5 has a unique N-terminal extension that contains three EF hand motifs, consisting of an alpha-helix (E), loop, and second alpha-helix (F), rendering this molecule sensitive to calcium. The mRNA of NOX5 has been found in pachytene spermatocytes and transiently transfected COS-7, HEK293 and HeLa cells demonstrated Ca 2+ -dependent O −• 2 production. However, to date there has been no evidence demonstrating the presence of the expressed protein in spermatozoa, indeed Richer and Ford (2001) failed to find cytochrome b 558 spectra in these same cells. Nevertheless, there is a clear correlation between the expression of redox activity by mammalian spermatozoa and the cellular content of glucose-6-phosphate dehydrogenase (Fig. 1) . Furthermore, high concentrations of extracellular NADPH dramatically stimulate redox activity in these cells (Aitken et al. 1997; Gomez et al. 1998; Aitken 1999) .
Although linkages between excessive redox activity, cytoplasmic retention and impaired sperm function appear strong, there remain major concerns over the mechanisms involved. One of the most troublesome areas has been defining the nature of the redox activity detected with common chemiluminescent reagents, such as luminol and lucigenin or the putative superoxide probe, ferricytochrome c. Although such probes have been reported to detect ROS, they can also be induced to generate signals by alternative mechanisms that, in the case of luminal and lucigenin, generate ROS as a consequence of probe activation. Thus, a one-electron reduction in the case of lucigenin, and a one-electron oxidation in the case of luminol, can generate powerful chemiluminescent signals in the presence of oxygen but the absence of any primary production of ROS by the cell population undergoing analysis (Richer and Ford 2001; Baker et al. 2003; Aitken et al. 2003a) . Similarly, ferricytochrome c can also be enzymatically reduced to generate a response that mimics the reduction effected by superoxide anion. As a consequence of such chemical complications, we currently have no idea what proportion of the redox signal generated in the presence of defective human spermatozoa represents primary ROS production and how much represents enzymatic processing of the probe.
When the redox signals from defective human sperm populations were compared using luminol/peroxidase and lucigenin as probes, it was the latter that most effectively discriminated the presence of abnormal spermatozoa (Aitken et al. 2003b) . Although lucigenin can be activated by reduction, other probes potentially activated by reductases, such as WST-1, are not stimulated by populations of abnormal human spermatozoa (Aitken et al. 2003b) . Some reducable probes, like resazurin, even generate signals that are positively correlated with semen quality (Zalata et al. 1998 ).
The activation of lucigenin by human spermatozoa must therefore involve reductases that, because of their chemical structure or location, are relatively specific for this probe and characteristic of the infertile phenotype. In this context, several cytochrome reductases (cytochrome b5 reductase, cytochrome b5-cytochrome b5 reductase [cytochrome b5b5r] and cytochrome P450 reductase) are present in human spermatozoa and represent possible candidates for lucigenin reduction and/or ROS generation (M. A. Baker and R. J. Aitken, unpublished data). In the future, it will be important to demonstrate whether lucigenin-active spermatozoa are enriched in such cytochrome reductases and whether such superabundance is associated with the definitive generation of ROS and the suppression of sperm function via oxidative mechanisms.
Consequences of oxidative stress
Fertilising potential
The impact of oxidative stress on the fertilising potential of human spermatozoa has been reviewed many times and will not be repeated here (Aitken and Fisher 1994; Aitken 1999; Saleh and Agarwal 2002) . In essence, there is an overwhelming volume of data correlating defective sperm function with excessive redox activity in populations of human spermatozoa, much of this information being generated with chemiluminescent probes. There is also a wealth of experimental data demonstrating that ROS, particularly hydrogen peroxide, can have a direct inhibitory effect on human sperm function (Aitken et al. 1989a (Aitken et al. , 1993b (Aitken et al. , 1993c (Aitken et al. , 1998b . The involvement of oxidative mechanisms in the aetiology of male infertility has also been repeatedly demonstrated by data linking peroxidative damage to human spermatozoa with defective sperm function, whether the latter originated in vivo (Jones et al. 1979; Alvarez et al. 1987; Aitken et al. 1989a) or in vitro following exposure to powerful oxidants such as hydrogen peroxide (Bell et al. 1992) . Significantly, analysis of lipid peroxidation levels in human spermatozoa not only correlates well with semen quality but also with the fertilising capacity of the spermatozoa in a clinical IVF setting (Zabludovsky et al. 1999) . It is important to note that transition metal promoters have been frequently used to amplify the peroxidation signal generated by human spermatozoa, leading to discovery of powerful correlations between the lipid peroxidation potential of these cells and sperm function (Jones et al. 1979; Aitken et al. 1989a Aitken et al. , 1993b Aitken et al. , 1993c Gomez et al. 1998; Engel et al. 1999) . Importantly, the lipid peroxidative potential of washed, purified sperm suspensions has also been shown to exhibit excellent correlations with the quality of the original semen sample (Gomez et al. 1998) . In other words, the use of transition metal promoters to allow spermatozoa to express the levels of peroxidative damage accumulated during their lifetime provides important data on the quality of the underlying spermatogenic process.
Deoxyribonucleic acid damage
The plasma membrane of human spermatozoa is not the only subcellular structure susceptible to oxidative stress. The chromatin of the sperm nucleus is also vulnerable to DNA damage (Aitken 1999; Aitken et al. 2003a) . Part of this vulnerability has been ascribed to the poor compaction and incomplete protamination of human sperm chromatin (Bianchi et al. 1993; Aitken et al. 2003a) . However, recent studies targeting gene-specific DNA damage in human spermatozoa demonstrated that human spermatozoa are, surprisingly, relatively resistant to oxidative stress compared with DNA from a variety of cell lines of germ cell and myoblastoid origin , despite their imperfect compaction. Notwithstanding this apparent resistance, the nuclear genome of human spermatozoa is frequently nicked in men exhibiting poor semen quality and such fragmentation is often accompanied by oxidative DNA damage (Irvine et al. 2000; Zini et al. 2001; Saleh and Agarwal 2002; Aitken et al. 2003a) . Moreover, clear associations exist between DNA damage in human spermatozoa, semen quality and male fertility (Horak et al. 2003) .
Careful analyses of the relative susceptibility of sperm DNA integrity and fertilising potential to oxidative stress, has clearly revealed that the former is the more vulnerable element of sperm cell biology (Aitken et al. 1998a ). Thus at low levels of oxidative stress, sperm DNA is damaged but the spermatozoa exhibit a normal or slightly enhanced capacity for fertilisation. It is therefore possible for a DNAdamaged spermatozoon to achieve fertilisation. Indeed, this must be the case given the apparent importance of sperm DNA damage, in mediating the paternal impact of occupational or environmental toxicants on morbidity in children and young adults. For example, if a male smokes heavily, his body is under oxidative stress and his spermatozoa show a significantly elevated level of DNA fragmentation and oxidative base change relative to the spermatozoa of non-smokers (Fraga et al. 1996; Aitken 1999; Aitken and Sawyer 2003) . This DNA damage does not impact on the fertility of male smokers but may make a significant contribution to the elevated levels of childhood cancer seen in the children of such subjects (Ji et al. 1997) . A similar rationale may underpin the correlation between paternal occupation and elevated rates of testicular cancer in the male offspring (Aitken 1999) . It is also possible that DNA fragmentation in the male germ line may be responsible for infertility in the male offspring associated with Y-chromosome deletion (Aitken 1999; Aitken and Marshall Graves 2002) . The paternal origin of dominant genetic disease in our species may also reflect DNA damage in the spermatozoa of the father . Of course, DNA damage in the male germ line does not necessarily equate with the creation of a mutation. Rather, we propose that non-specific oxidative damage to DNA in male germ cells (deletions, abasic sites, oxidative base change) create a predisposition to mutational change in the embryo. According to this model, such mutations would be created in the newly fertilised oocyte as a consequence of aberrant DNA repair, in the few hours that elapse between sperm-oocyte fusion and initiation of the first cleavage division (Fig. 2) .
It is envisaged that a variety of environmental and/or genetic factors conspire to induce oxidative stress in the male germ line as a consequence of redox cycling xenobiotics or impaired spermiogenesis associated with increased cytoplasmic retention by the spermatozoa and enhanced ROS generation (Fig. 2) . High levels of oxidative stress cause infertility as a result of collateral peroxidative damage to the sperm plasma membrane, compromising the functional competence of these cells in terms of, for example, their capacity for movement and/or sperm-oocyte fusion. At lower levels of oxidative stress, the spermatozoa are still capable of fertilisation but possess damaged DNA that may subsequently generate genetic disease in the offspring via the mechanisms described above. Such genetic damage also clearly contributes to embryo quality in an IVF context (Morris et al. 2002) and might give rise to the high rates of early pregnancy loss apparently associated with this procedure (Ezra and Schenker 1995) . Of course male infertility is not only caused by oxidative stress and the latter is not the only cause of DNA damage in spermatozoa.Adduct formation with environmental toxicants such as aryl hydrocarbons also induce DNA damage in the male germ line (Gaspari et al. 2003) and further fuel the male contribution to early pregnancy loss and childhood disease.
Physiological significance of reactive oxygen species
Any discussion of oxidative stress and sperm function would be incomplete without mention of the positive role of ROS in the control of human sperm function. The generation of low levels of ROS appears to be an important part of the capacitation process whereby spermatozoa gain the ability to respond to signals presented by the oocyte-cumulus complex and initiate the cascade of cellular interactions that culminate in fertilisation. Specifically, ROS generation is important in stimulating the tyrosine phosphorylation events associated with sperm capacitation. In different in vitro settings, both superoxide anion and hydrogen peroxide have been implicated in the redox regulation of tyrosine phosphorylation (Aitken et al. 1995b; Leclerc et al. 1997) . The primary mechanism appears to involve the redox regulation of cAMP availability, possibly through a stimulatory effect on adenylyl cyclase, although alternative excitatory pathways cannot be excluded (Aitken et al. 1998b) .
Future directions
The above review emphasises the powerful role that oxidative stress plays in the induction of defective sperm function. This role encompasses not just the aetiology of impaired fertility but also the origins of genetic disease in the Fig. 2 . Proposed mechanisms by which oxidative stress in the male germ line can lead to genetic disease in the offspring. According to this model, a variety of intrinsic and extrinsic factors conspire to generate oxidative stress in the male germ line. Oxidative stress is not held to induce mutagenic change in male germ cells but creates non-specific DNA damage (strand breaks, oxidative DNA base change, abasic sites) as well as peroxidative damage to the sperm plasma membrane. At high levels of oxidative stress, the latter predominates and the spermatozoa lose their capacity for fertilisation. At lower levels of oxidative stress, the DNA-damaged spermatozoa are still able to fertilise the oocyte and the latter must then repair the damaged DNA brought in by the fertilising spermatozoon before the initiation of the first cleavage division. Aberrant DNA repair by the oocyte is then hypothesised to create mutations in the newly formed zygote, with the potential to impair the progress of pregnancy and induce genetic disease in the offspring.
offspring, including cancer. Given the importance of this area, it is clearly important that the biochemical mechanisms responsible for creating oxidative stress in the male germ line are understood. It is probable that multiple pathways for creating oxidative stress are involved, including redox cycling xenobiotics, genetic inactivation of anti-oxidant pathways and impaired cytoplasmic extrusion. Resolving the various factors contributing to the creation of oxidative stress is strategically important because such data will help design methods for both the treatment and prevention of pathologies involving oxidative stress in the germ line. This will be particularly important for the future of assisted conception therapy. Spermatozoa possessing oxidatively damaged DNA are inevitably being used for assisted conception purposes. Although oxidatively stressed spermatozoa cannot participate in normal in vitro fertilisation because of associated damage to the sperm plasma membrane, such cells can readily achieve fertilisation when mechanically introduced into the oocyte using the ICSI (intracytoplasmic sperm injection) procedure (Twigg et al. 1998) . The consequences of fertilising human oocytes with spermatozoa possessing oxidatively damaged DNA is unknown, although the aforementioned increase in the incidence of cancer in the offspring of male smokers, should alert us to the possible dangers of such a therapeutic strategy. Such concerns might be alleviated, if we could treat male patients with appropriate antioxidants in order to reduce the severity of oxidative damage to the spermatozoa before treatment. Theoretically, such treatment should not only improve the fertilising potential of the spermatozoa but also reduce the risk of adverse genetic outcomes in the offspring. Unfortunately, most publications in this area are seriously flawed because of the absence of a placebo arm to the study or the absence of appropriate selection criteria for the patients. Where these basic criteria have been met, the outcome of antioxidant treatment looked promising (Suleiman et al. 1996) . Additional, high quality studies in this area are desperately needed.
